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INTRODUCTION:  The  main  goal  of  the  research  funded  by  this  grant  was  to  test  the  hypothesis  that  fusion 
among  tumor  cells  or  fusion  of  tumor  to  normal  cells,  facilitates  metastasis.  The  grant  application  was 
prompted  by  an  observation  (Glinsky  et  al.,  2006)  that  injecting  a  mixture  of  human  prostate  cancer  cells  PC-3 
that  expressed  either  green  or  red  fluorescent  protein  produced  tumors  composed  of  cells  that  expressed  both 
proteins  (“yellow”  cells).  The  “yellow”  cells  had  enhanced  metastatic  potential,  which  suggested  that  the 
horizontal  exchange  of  the  genetic  information  affected  cell  malignancy.  We  proposed  to  identify  the 
mechanism  of  genetic  exchange  (Aim  1),  with  the  main  hypothesis  being  that  this  mechanism  was  cell  fusion, 
and  to  test  whether  cell  fusion  can  affect  the  ability  of  PC3  cells  to  metastasize  (Aim  2). 

KEY  RESEARCH  ACCOMPLISHMENTS: 


AIM  1:  “To  determine  the  mechanism  of  gene  transfer  between  prostate  cancer  cells”.  Our  initial  hypothesis 
was  that  the  transfer  of  the  genes  encoding  the  fluorescent  proteins  was  due  to  cell-to-cell  fusion.  However, 
our  findings  indicated  a  different  and 


unexpected  to  us  mechanism.  We 
found  that  PC-3  released  one  or  more 
infectious  viruses  that  transferred  the 
retroviral  vectors  that  encoded  RFP 
and  EGFP  in  PC-3  cells.  Since  these 
vectors  were  based  on  mouse 
leukemia  virus  (MLV),  we  considered 
two  closely  related  possibilities.  One, 
that  the  virus  released  by  PC-3  cells 
was  a  xenotropic  mouse  virus 
contracted  during  propagation  of  these 
cells  in  mice.  Another,  closely  related 
hypothesis,  was  that  experimental 
manipulations  induced  a  human  virus 
that  is  closely  related  to  MLV, 
xenotropic  murine  leukemia  virus 
(XMRV),  which  was  recently  identified 
in  human  prostate  cancers  (Urisman  et 
al.,  2006). 

To  identify  the  virus,  we  isolated  it  from 
tissue  culture  medium  conditioned  by 
PC-3  cells  that  expressed  by 
sequential  centrifugation  and  analyzed 
the  obtained  samples  by  mass 


Inducible  cell  fusion 


This  method  is  based  on  the  ability  of  VSV-G, 
a  viral  fusogenic  protein,  to  become 
reversibly  activated  at  pH  -6.0  or  below. 


Partner  A 


STEP  1:  Introduce  VSV-G  and,  if  needed,  suitable 
tracers  and  (or)  drug  selection  genes  into  one  or  both 
fusion  partners.  The  retroviral  vectors  that  we  have 
been  using  express  VSV-G  without  any  noticeable 
effect  on  the  cells  tested,  despite  the  fact  that  some 
of  these  cells  are  sensitive  to  a  variety  of  cytotoxic 
insults.  Because  VSV-G  remains  inactive,  cells  that 
express  this  protein  do  not  fuse  at  normal  tissue 
culture  conditions. 


STEP  2:  Plate  fusion  partners  togetner.  We  usually 
plate  cells  anywhere  from  one  to  24  hours  before 
fusion. 
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STEP  3:  Induce  fusion  by  incubating  the  cells  in  PBS. 
pH  6.0  for  30  seconds  to  one  minute  to  activate 
VSV-G,  which  then  fuses  the  plasma  membranes  of 
adjacent  cells.  Tissue  culture  medium  with  pH 
adjusted  to  6.0  can  be  used  instead  of  PBS. 


STEP  4:  Inactivate  VSV-G  by  replacing  PBS  with 
regular  tissue  culture  medium.  Heterokaryons 
become  identifiable  by  phase  contrast  microscopy 
within  20  -  30  min  (please  see  the  movie).  The 
distribution  of  the  heterokaryons  in  respect  to  the 
number  of  nuclei  can  be  adjusted  by  changing  plating 
density,  the  ratio  of  the  fusion  partners,  the  pH  of  the 
medium,  and  by  expressing  VSV-G  in  only  one  or  in 
both  fusion  partners. 
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Figure  1 .  A  method  to  induce  cell  fusion 
spectrometry.  The  resulting  peptide  sequences  belonged  to  Gag  and  Env  of  the  mouse  leukemia  virus  (MuLV), 


which  was  consistent  with  either  of  our  hypotheses.  We  then  obtained  the  viral  DNA  by  RT-PCR  and 
determined  about  70%  of  its  sequence.  We  found  that  the  obtained  sequence  was  not  fully  identical  to  any 
sequence  in  the  non-redundant  NCBI  nucleotide  database,  but  97%  to  98%  identical  to  various  MuLV  or 
XRMV  isolates.  All  detected  mismatches  were  single  nucleotide  substitutions.  Considering  how  highly  similar 
the  sequences  of  XMRV  and  MLV  are,  we  could  not  identify  the  virus  secreted  by  PC-3  cells  unambiguously. 

While  were  we  conducting  our  studies,  several  reports  questioned  the  link  between  XMRV  and  disease, 
including  prostate  cancer  (Denner  2010).  Furthermore,  the  failure  to  detect  XMRV  in  European  populations 
(Hohn  et  al. ,  2009)  raised  the  possibility  of  artifacts  that  could  explain  finding  this  virus  in  human  samples. 
Altogether,  these  reports,  the  findings  that  human  xenografts  can  acquire  mouse  viruses  (Voisset  et  al.,  2008) 
and  the  need  to  focus  our  limited  resources  on  the  main  problem  -  the  potential  role  of  cell  fusion  in  cancer  - 
led  us  to  put  further  identification  and  characterization  of  the  PC-3  virus  on  hold. 

Overall,  accomplishing  Aim  1  had  a  major  impact  on  our  thinking  and,  consequently,  affected  our  research. 
First,  it  brought  to  our  attention  the  notion  that  viral  infections  can  have  unexpected  consequences,  including 
those  that  are  related  to  carcinogenesis  and  tumor  progression.  Second,  the  opportunity  to  familiarize 
ourselves  with  the  knowledge  about  MLV  and  XMRV  prompted  us  to  consider  more  systematically 
endogenous  retroviruses  as  the  primary  suspects  for  agents  that  cause  promiscuous  cell  fusion  in  the  body. 
Finally,  we  also  realized  that  introducing  human  cancer  cells  into  mice  could  produce  replicating  viruses  that 
can  carry  potentially  dangerous  genes  and  infect  human  cells. 


AIM  2:  To  determine  whether  cell  fusion 
affects  metastatic  properties  of  prostate 
cancer  cells.  The  main  goal  of  this  aim  was 
to  test  whether  fusion  of  prostate  cancer 
cells  among  themselves  or  to  normal  cells  of 
the  host  affects  the  extent  or  tropism  of 
metastasis.  As  we  quickly  found, 
accomplishing  this  Aim  required  first  solving 
several  technical  and  conceptual  problems 
that  we  initially  did  not  fully  appreciate. 
Solving  these  problems  provided  us  with 
better  understanding  of  the  consequences 
and  outcomes  of  promiscuous  cell  fusion. 

A  new  cell  fusion  approach.  The  finding 
(Aim  1)  that  retroviruses  could  transfer 
transgenes,  implied  that  we  could  no  longer 
use  MPMV,  a  retrovirus  that  we  used 
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Figure  2.  Distinct  consequences  of  cell  fusion  and  cytokinesis  failure  for 
clonogenic  survival.  D551  -  normal  diploid  human  fibroblasts  Detroit  551 . 


routinely  to  fuse  cells  (Duelli  et  al.,  2005;  Duelli  et  al. ,  2007).  The  alternative  approaches  included  the  use  of 
polyethylene  glycol  (PEG),  which  is  notoriously  toxic,  or  inactivated  Sendai  virus,  which  is  laborious  to  obtain 
and  expensive  to  buy.  Therefore,  we  developed  a  new  approach  to  fuse  cells  (Figure  1). 

This  approach  takes  advantage  on  the  ability  of  VSVG,  the  fusogenic  protein  of  the  vesicular  stomatitis  virus 
(VSV),  to  be  reversibly  activated  by  a  brief  incubation  in  mildly  acidic  medium.  The  advantages  of  this  method 
are  that  it  is  not  toxic,  even  if  used  on  cells  that  are  highly  sensitive  to  cytotoxic  agents,  it  is  easy  to  scale  and 
automate,  which  makes  it  amenable  to  genetic  and  chemical  screens,  and  it  is  convenient,  inexpensive  and 
reproducible.  We  anticipate  that  this  method,  once  it  is  reported,  will  be  used  widely  in  research  that  either 
studies  cell  fusion,  or  uses  this  process  as  a  tool  to  dissect  other  biological  phenomena. 

What  are  mechanisms  that  control  the  viability  and  clonogenic  survival  of  cell  hybrids?  Our  initial 
experiments  to  obtain  clonogenic  hybrids  of  PC-3  cells  led  us  to  realize  that  the  mechanisms  that  control  the 
fate  of  fused  cells,  and  the  fate  of  tetraploid  cells  in  general,  are  poorly  understood.  To  learn  these 
mechanisms  better,  we  turned  to  an  experimental  system  that  we  used  previously  to  study  cell  viability  and  to 
understand  how  or  whether  cell  fusion  can  contribute  to  carcinogenesis  (Duelli  et  al.,  2005;  Duelli  et  al.,  2007). 
In  this  experimental  system,  normal  diploid  human  fibroblasts  are  co-transduced  with  the  adenoviral  oncogene 
El  A,  which  deregulates  cell  cycle,  and  an  oncogenic  mutant  of  RAS,  which  has  multiple  effects,  including 
inhibiting  apoptosis  caused  by  cell  cycle  deregulation.  The  resulting  cells  have  epithelioid  morphology,  express 
markers  of  epithelial  cells,  proliferate  in  soft  agar  and,  if  provided  with  an  additional  oncogene,  make  tumors  in 
nude  mice.  The  use  of  normal  diploid  fibroblasts  as  the  initial  material  and  the  use  of  defined  oncogenes 
provided  the  benefit  of  using  relatively  well  defined  and  homogeneous  population  of  cells,  which  facilitated 
interpretation  of  the  results. 

To  determine  the  fate  of  fused  cells  and  to  learn  whether  their  fate  is  different  from  that  of  cells  produced  by 
cytokinesis  failure,  we  compared  effects  of  cell  fusion  and  cytokinesis  failure  on  cell  viability  and  clonogenic 
survival.  We  found  that  either  process  caused  apoptosis  in  a  majority  of  the  resulting  binuclear  cells,  and 
delineated  basic  mechanisms  through  which  apoptosis  was  induced.  Remarkably,  we  found  that  tetraploid 
cells  produced  by  either  mechanism  failed  to  produce  clonogenic  progeny  (Figure  2).  Preventing  apoptosis  by 
expressing  Bcl-2  did  not  increase  clonogenic  survival  of  tetraploid  cells,  while  expressing  a  dominant  negative 
mutant  of  the  tumor  suppressor  p53  did  (Figure  2).  These  findings  implied  that  tetraploidy  induces  more  than 
one  process  that  prevents  clonogenic  proliferation  of  these  cells,  and  presented  us  with  a  paradox,  as  we  were 
able  to  produce  clonogenic  hybrids  using  this  experimental  system  previously  (Duelli  et  al.,  2005;  Duelli  et  al., 
2007).  This  paradox  needed  to  be  resolved  as  it  promised  either  to  provide  new  insights  into  regulation  of 
clonogenic  survival  of  tetraploid  cells,  or  to  reveal  that  we  understood  our  experimental  system  not  as  well  as 
we  thought. 

Some  differences  between  the  old  and  the  new  protocols  suggested  two  explanations.  One  was  that 
clonogenic  survival  depended  on  MPMV,  the  virus  that  we  used  previously  to  fuse  cells.  Another  possibility 
was  that  previously,  we  transduced  El  A  and  HRAS  separately  (Figure  2),  and  then  fused  the  resulting  cells, 


while  in  the  current  experiments  we  co-transduced  the  oncogenes  and  then  fused  the  resulting  cells.  To  test 
these  possibilities,  we  transduced  El  A  and  HRAS  separately  (Figure  2C)  and  fused  the  resulting  cells  by  the 
technique  that  we  developed  (Figure  1).  We  found  that  the  resulting  hybrids  were  clonogenic  (Figure  2C), 
which  indicated  that  cell  fusion  and  cytokinesis  failure  have  different  potential  to  produce  clonogenic  tetraploid 
cells. 

This  conclusion  might  be  relevant  to  an  apparent  contradiction  raised  by  the  tetraploidy  model  of 
carcinogenesis  (Ganem  et  al.,  2007).  According  to  this  model,  conversion  to  tetraploidy  is  an  intermediate 
stage  in  malignant  transformation  of  solid  tumors,  even  though  a  series  of  reports  (Ganem  et  al.,  2007),  which 
are  consistent  with  out  own  studies  (Figure  2A,B)  suggest  that  conversion  to  tetraploidy  causes  apoptosis  and 
prevents  clonogenic  survival.  Our  findings  suggest  that  how  cells  become  tetraploid  might  determine  whether 
they  are  capable  of  continuous  proliferation.  The  experimental  system  that  we  have  developed  might  help  to 

understand  better  how  the  link  between 
tetraploidy  and  cell  cycle  is  regulated. 

How  does  cell  fusion  affect  malignant 
properties  of  cells?  To  begin  addressing  this 
question,  which  is  central  for  the  funded 
research,  we  obtained  clonogenic  hybrids  of  PC- 
3  cells  (Figure  3).  We  injected  these  hybrids,  the 
parental  cell  lines  (PC-3-GLA  and  PC-3-CIV) 
that  were  made  to  produce  and  select  the 
hybrids,  and  a  mixture  of  PC-3-GLA  and  PC-3- 
CIV  into  the  nude  mice.  We  found  that  the 
hybrids  produced  as  many  tumors  as  the 
parental  cell  lines,  but,  to  our  surprise,  the 
parental  cells  produced  fewer  tumors  than  the 
original  PC-3  cells.  This  finding  implied  that 
introducing  fluorescent  tracers  and  drug  selection  genes  somehow  decreased  tumorigenicity  of  the  cells.  We 
are  currently  devising  a  strategy  to  produce  cell  hybrids  that  would  minimize  the  use  of  selection  markers. 
Once  this  goal  is  completed,  we  will  repeat  and  expand  the  experiment  (Figure  3)  and  will  analyze  the  resulting 
tumors  in  detail. 

How  does  fusion  to  host  cells  affect  malignant  properties  of  cancer  cells? 

One  hypothesis  that  underlied  the  proposed  research  was  that  fusion  to  host  cells  that  move  freely  in  the  body, 
such  as  macrophages,  can  enable  metastasis  of  tumor  cells  [Ref  Duelli  2003].  To  test  this  hypothesis,  we 
developed  an  approach  to  fuse  PC-3  to  mouse  macrophage  progenitors  (Figure  4),  which  were  obtained 
through  a  collaboration  with  Dr.  James  Bliska  (Stony  Brook  University).  The  resulting  hybrids  proliferate  well, 
which  proved  that  such  hybrids  can  be  generated.  However,  we  delayed  testing  of  their  tumorigenicity  as  we 
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Figure  3.  Comparing  tumorigenicity  of  hybrids  and  the  parental  cell 
lines. 
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Figure  4.  Generation  of  hybrids  between  PC-3  and  macrophage 
progenitors 


found  that  the  fluorescence  and  drug  selection 
markers  that  wer  used  decreased  tumorigenicity  of 
PC-3  cells.  Once  the  alternative  protocol  for  hybrid 
production  is  developed,  we  will  resume  this  study. 

REPORTABLE  OUTCOMES:  We  developed  an 
experimental  system  to  identify  pathways  that 
control  clonogenic  expansion  of  tetraploid 
premalignant  cells  and  generated  a  series  of 
plasmids  and  cell  lines  that  will  be  made  available 
to  the  scientific  community  once  our  results  are 
reported. 


We  also  provided  the  scientific  community  with  the  review  of  evidence  that  underlies  the  proposed  research 
(Duelli  and  Lazebnik,  2007).  The  unexpected  finding  that  we  encountered,  especially  the  role  of  viruses  in 
carcinogenesis,  forced  us  to  look  more  critically  on  the  general  concepts  that  underlie  the  current  cancer 
research  and  on  the  concept  of  the  hallmarks  of  cancer  in  particular.  We  came  to  the  conclusion  (Lazebnik 
2010)  that  this  concept  needs  to  be  reconsidered,  which  we  will  hope  will  help  to  focus  cancer  research  more 
on  understanding  metastasis  and  tissue  invasion,  the  true  hallmarks  of  cancer. 


CONCLUSIONS:  Overall,  by  accomplishing  a  part  of  the  proposed  research,  we  unexpectedly  entered  an  area 
of  cancer  biology  -  a  relationship  between  viral  infections  and  cancer.  We  will  continue  this  research  within  the 
extension  that  we  were  granted  and  beyond. 
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